ABSTRACT
Two experimental conditions of action timing were used in the sense of agency task. In 29 the 50% probability condition, participants heard a tone following the keypress in 50% of the trials.
30
Instead, in the 75% probability condition, the keypress was randomly followed by a tone presentation in 75% of the trials. The tone consisted of a single pulse at 1000 Hz and lasting 200 1 ms. The tone was presented binaurally 250 ms after the keypress. The task was performed using 2 the E-Prime software (Schneider et al., 2012) , while participants were sitting approximately 60 cm 3 from the 20-inches monitor. Two blocks for each condition (50%, 75%) of the sense of agency The variable measured in each trial of the sense of agency task was the perceptual shift (Δ).
9
The perceptual shift is defined as the time difference between the real keypress and the perceived 10 keypress indicated by the subject in each trial, and it is expressed in milliseconds. To note, although 11 the perceptual shift and the phenomenon of the intentional binding are related, they should not 12 be confused: while the former represents the divergence between real and perceived keypress, the 13 second is a phenomenon which concerns the shift of the perceived timing of action toward the 14 action consequences (sound).
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The participants were instructed (i) to avoid the planning of their keypresses, (ii) to avoid 16 answering in a stereotyped way, and (iii) to avoid answering before the end of the first full clock Participants performed voluntary, self-paced keypresses with the right index finger while watching a clock hand rotating on a screen. Participants started each trial by themselves pressing a button with the left index finger, and they were instructed to judge the clock 'time' indicated by the clock hand when they pressed the key. After the keypress, depending on the trial and on the experimental condition, an auditory feedback (or nothing, contingent on the current trial) was binaurally presented through headphones.
Data acquisition 1
Each participant performed two consecutive task-free fMRI runs, each consisting of 376 volumes.
2
The participants were instructed to watch a white fixation cross on a black screen without 3 performing a cognitive task. Each run lasted approximately 7.5 minutes. Functional images were 4 acquired using a Philips Achieva 3T scanner installed at the Institute for Advanced Biomedical
5
Technologies (Gabriele D'Annunzio University, Chieti-Pescara, Italy). Whole-brain functional 6 images were acquired with a gradient echo-planar sequence using the following parameters: 
Preprocessing of MRI data

14
The preprocessing steps and the analysis of functional images were implemented in AFNI (Cox, 15 1996). A slice-timing correction was applied to remove differences in acquisition times between 16 the slices. The obtained functional images were deobliqued, despiked, corrected for time-shifted 17 acquisition, and motion-corrected using a six-parameter rigid body realignment before being 18 aligned to the Montreal Neurological Institute (MNI) standard brain using non-linear warping.
19
During the preprocessing steps, motion parameters for each participant were collected. The 20 functional images were scaled to have voxels with an average value of 100. A Gaussian filter of 5 21 mm full-width at half-maximum was applied to spatially smooth the functional images.
22
Finally, the time series were censored (volumes with 10% or more outliers across voxels mixed-effects analyses were implemented using tone probability (levels: 50% and 75%) and trial type 3 (levels: Action & tone, action only) as fixed effects, while a random intercept was added at the 4 subject level. The dependent variable was the average perceptual shift minus the baseline 5 perceptual shift (Δ-ΔB). To identify the significance of prospective/retrospective components, we 6 performed multiple comparisons using Tukey's honest significant difference test. The 7 homogeneity of residuals was assessed using the D'Agostino-Pearson test.
8
We also implemented a bootstrap procedure to estimate the distributions of the effect sizes 'action only' trials' in the 75% probability condition versus perceptual shifts during 'action only' 12 trials' in the 50% probability condition, thus, reflecting contextual effect of tone probability on 'action+tone' and 'action only' trials within the 50% probability condition, thus, reflecting the 15 outcome-dependent effect on perception. The effect size (Hedge's g) was estimated in 10,000 16 bootstrap cycles with replacement for both the prospective and retrospective components. 
Connectomics
19
The two task-free runs were concatenated and whole-brain functional connectomes were formed 20 using a set of 418 nodes derived from the cortical (346 parcels) and subcortical (40 grey nuclei) Connectomes were used to build binary undirected graphs after thresholding (the 10% strongest 25 connections were retained). Graph analyses were performed within Matlab using the Brain Table I .
30
To find the optimal community structure of the networks, we implemented modularity In the first step, each node was assigned to a distinct 3 module. Then, the optimal community was detected using the Louvain algorithm and the 4 modularity Q was estimated. This procedure was repeated using the optimal community found in 5 the previous cycle as the starting community affiliation vector, and the process was repeated until 6 Q could not be increased anymore. The group-level modular structure was achieved from the 7 agreement matrix using a community detection algorithm developed for the analysis of complex The average perceptual shifts are reported in Table II perceptual shifts between the 'action only' trials of the two probability conditions (p < .001,
12
Tukey's HSD test).
13
The results of the bootstrap procedure to estimate the effect sizes are shown in Figure 2b Three resolution parameters, corresponding to γ1=0.7, γ2=1.2, and γ3=2.1 were found to maximize 3 the adjusted Rand coefficients (Figure 3a) . We report results related to the modular structure 4 associated with γ3 since significant relationships with the sense of agency were found within this 5 modular configuration. Group average matrices of functional connectivity are reported in Figure   6 3b and show the eight significant modules found with γ3 (M1-8, p < .001 using the Newman- Girvan procedure). that were located in the left supramarginal gyrus (average t = 3.8, p < .005), are reported in Figure   6 4c. The impact of significant results was significant also using different graph density thresholds 7 as indicated by the cost integration approach (Figure 4d ). Summarizing, since the participation reported in Figure 5b . In particular, the strongest association was found for γ = 2.2 (t(37) = 2.9, p 7 = .0058., β = 9.4e-5).
Modular and nodal associations with a prospective sense of agency
The prospective sense of agency is rooted in local and global properties of intrinsic functional brain networks
8
The same effect was observed using a multivariate model. A higher prospective sense of Previous literature has outlined a network of brain regions supporting the sense of agency. coding.
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The relation between the sense of agency and the integrative functioning of brain networks covariates. These controls showed that the effects reported in the present study were independent 26 of these factors.
27
In conclusion, we showed that both whole-brain intra-modular connections and local
28
(supramarginal) intrinsic inter-modular connections support the prospective sense of agency.
29
Comparing predictions and intentions with action feedback is an essential feature of human brain 
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